Purpose/Objective: Metrics to estimate premorbid cognitive ability, such as word reading tests, are important for clinical determination of cognitive changes following brain injury. In the present study, reading adjusted scores for the National Institutes of Health Toolbox Cognition Battery (NIHTB-CB) fluid tests were developed and validated with a sample of individuals with traumatic brain injury (TBI), to evaluate the clinical utility of reading-adjusted scores. Research Method/ Design: The development sample included 843 adult participants, ages 20 -85, from the NIHTB-CB standardization sample. A sample of 158 participants with complicated mild or moderate TBI (n ϭ 74) or severe TBI (n ϭ 84) were administered the NIHTB-CB, and comprised the validation sample. Scores were derived for the five fluid tests using four adjustment models: age-only, demographiconly, age-and-reading, and demographic-and-reading referenced scores. Results: Estimated premorbid ability varies depending on the reference model. Scores from each of the four reference models differentiated the comparison and TBI samples at the group level. However, performance varied by premorbid ability. Conclusions/Implications: Premorbid ability affects identification of cognitive difficulties after TBI. Reading referenced scores provide an individualized estimate of the effects of premorbid ability than demographic characteristics alone. Each model identified a similar number of individuals as having cognitive difficulties; however, the models differed on which individuals had cognitive difficulties. The models had higher disagreement rates in the clinical compared with the comparison sample, particularly for individuals with lower premorbid ability. Clinical use and caveats are discussed. Standardization data from NIH Toolbox used with permission. This research was supported by Grants H133B090024, H122G070138 from the National Institute on Disability, Independent Living, and Rehabilitation Research. Support for JAH was also provided by an Institutional Development Award (IDeA) from the National Institute of General Medical Sciences of the National Institutes of Health under grant U54-GM104941(PI: Binder-Macleod). GLI acknowledges support from the Mooney-Reed Charitable Foundation, the Heinz Family Foundation, and ImPACT Applications, Inc. This work is related in part to the TBI Endpoints Development Initiative and a grant titled Development and Validation of a Cognition Endpoint for Traumatic Brain Injury Clinical Trials. GLI has been reimbursed by the government, professional scientific bodies, and commercial organizations for discussing or presenting research relating to mild TBI and sport-related concussion at meetings, scientific conferences, and symposiums. He has a clinical practice in forensic neuropsychology involving individuals who have sustained mild TBIs. He has received honorariums for serving on research panels that provide scientific peer review of programs. He is a coinvestigator, collaborator, or consultant on grants relating to mild TBI funded by several organizations. He has received research support from test publishing companies in the past, including ImPACT® Applications Systems and CNS Vital Signs. He receives royalties for one neuropsychological test .
Impact and Implications

Introduction
Rehabilitation psychologists are often tasked with evaluating cognitive skills following traumatic brain injury (TBI). The risk of developing cognitive difficulties following TBI is well documented, and individuals who have experienced TBI commonly experience decrements in attention (Donders & Levitt, 2012; Sinclair, Ponsford, Rajaratnam, et al., 2013) , working memory (Carlozzi, Grech, & Tulsky, 2013; Carlozzi, Kirsch, Kisala, & Tulsky, 2015) , episodic memory (Carlozzi et al., 2013; Wright et al., 2014) , executive functioning (Donders et al., 2012; Heled, Hoofien, Margalit, et al., 2012; Merkley, Larson, Bigler, et al., 2013) , fluid reasoning (Carlozzi et al., 2013) , and processing speed (Carlozzi et al., 2013; Madigan et al., 2000) . The degree of cognitive change and level of impairment after TBI varies as a function of the severity of injury (Dikmen, Machamer, Winn, & Temkin, 1995; Rohling, Meyers, & Millis, 2003) , although injury-severity is not the only significant predictor of postinjury cognitive functioning. Premorbid cognitive functioning also serves as an important predictor of an individual's postinjury cognitive functioning (Novack, Bush, Meythaler, & Canupp, 2001 ). Thus, it has become standard practice to estimate premorbid cognitive functioning as part of post-TBI cognitive evaluations (Bayley et al., 2014) . Premorbid estimates contextualize postinjury cognitive testing results, and some test batteries reference performance to individuals of similar preinjury ability. Comparing an individual's performance with a more specific reference group provides clinicians with additional information to consider when estimating how much, if any, cognitive difficulty may be attributed to the brain injury (Novack et al., 2001) .
Quantification of preinjury cognitive functioning is difficult, because few patients have undergone cognitive evaluation prior to injury. This challenge has been addressed in two primary ways: (a) use of stand-alone tests to measure cognitive abilities that are unlikely to decline following brain injury called "hold tests;" and (b) use of demographic characteristics (e.g., educational attainment) as an estimate of preinjury cognitive ability. The most typical type of hold test is a single-word reading test. These tests are popular because of their moderate to high correlation with measures of general intelligence and relative resistance to the impact of neurological insult and injury (Blair & Spreen, 1989; Crawford, 1992; Johnstone, Hogg, Schopp, Kapila, & Edwards, 2002; Nelson & McKenna, 1975) . Reading ability appears to be less susceptible to decline following brain injury than other cognitive skills, even when verbal intellectual abilities are diminished (Watt & O'Carroll, 1999) . However, reading tests may be affected by more severe injuries (Green et al., 2008; Mathias et al., 2007; Morris, Wilson, Dunn et al., 2005; Orme et al., 2004) , although to a lesser degree than other cognitive abilities.
Another approach for estimating premorbid cognitive functioning relies on using demographic characteristics (e.g., age, race, educational attainment) to create regression equations to compute a predicted value to contrast with actual ability (Barona, Reynolds, & Chastain, 1984; Wilson et al., 1978) or to adjust scores to control for expected premorbid ability (Heaton, Taylor, & Manly, 2003; Taylor & Heaton, 2001) . Reading tests offer some advantages to demographic models of premorbid ability, including: a higher correlation with cognitive ability (e.g., better predictive accuracy), estimation based on individual performance data and not group membership (Holdnack et al., 2013; Pearson, 2001; Reynolds, 1997) , and not being subject to verification issues (Johnson-Greene et al., 1997) . For some individuals, literacy level is a better estimate of ability because of historical inequality of educational experiences may limit the applicability of education level as an indicator of premorbid ability (Manly et al., 2002) . Combined demographic-and-reading approaches have been recommended as a way to overcome the limitations of each method in isolation (Holdnack et al., 2013; Pearson, 2001 Pearson, , 2009 Reynolds, 1997) .
The most common approach to using reading tests as a premorbid estimate is to conorm the reading test (Pearson, 2001 (Pearson, , 2009 or to correlate the reading test in a large sample of individuals without cognitive difficulties (Blair & Spreen, 1989; Grober & Sliwinski, 1991) with an established measure of intellectual ability. In the absence of an established metric of intellectual functioning, alternative methods may be employed. This method is exemplified in the ability referenced norms for the Delis-Kaplan Executive Functioning System (D-KEFS: Delis, Kaplan, & Kramer, 2001 ) Trail-Making Test (Fine, Delis, & Holdnack, 2011) . In this method, regression is used to adjust age-only referenced scores by ability level. The primary difference is the equations are not used to predict premorbid intellectual functioning; rather, the premorbid ability measure is used to adjust measures sensitive to brain injury by a measure of preinjury ability. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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An important caveat regarding the use of a reading test, demographic data, or a combination of these indicators, is that these estimates do not represent the examinee's actual premorbid ability nor do these measure a latent premorbid ability trait. Each method compares the examinees performance with a specific reference group to determine his or her relative standing compared with similar others. For most tests, the standard reference group is a representative population of individuals of similar age, while demographic referencing compares the examinee with individuals of similar age, race, sex, and education level and reading referenced scores compare the individual to examinees with similar reading ability. Because most normative samples for cognitive tests do not have sufficient cases to create ability distributions (e.g., cumulative frequencies, means, standard deviations, and skew) at each level of the reference population, these parameters are estimated using various linear and nonlinear regression models (Casaletto et al., 2015; Holdnack et al., 2013; Taylor & Heaton, 2001) . In clinical practice, after an estimate of preinjury cognitive ability has been determined, either through demographic means or by administration of a hold test, the premorbid estimate can then be used for interpretation of the amount of cognitive impairment likely due to brain injury.
The NIH Toolbox Cognition Battery (NIHTB-CB) contains cognitive measures sensitive to brain injury (i.e., fluid tests) as well as an oral reading test, which may be used as an estimate of premorbid functioning. The NIHTB-CB offers age-only and demographic-only referenced scores for interpretation; however, no scores exist to evaluate performance relative to reading estimated premorbid ability. The current study evaluates the application of the NIHTB-CB oral reading test as a premorbid ability index for conormed measures of working memory, memory, executive functioning, and processing speed.
The oral reading test is more resistant to the effects of TBI than the fluid tests in the NIHTB-CB (Tulsky et al., in press) indicating that it may be a useful estimate of premorbid functioning in this clinical population. The present study computes regression-based premorbid ability referenced scores from the NIHTB-CB oral reading test for each of the fluid tests and the overall fluid composite using the NIHTB-CB adult (ages 20 -85) standardization sample. Scores are derived for both ageonly and demographically referenced scores. The primary goal of the study is to evaluate the effects of using readingreferenced scores compared to age-only and demographic only referenced scores on the identification of cognitive difficulties in individuals with complicated mild, moderate, or severe TBI compared with demographically matched comparison sample for four score referencing models: age-only, age-and-reading, demographic-only, and demographic-and-reading.
Method
Participants
Derivation sample. The NIHTB-CB normative sample was used to evaluate the association between reading level and neuropsychological functioning and to derive the premorbid adjusted fluid test scores. Subjects ages 20 -85 years of age (n ϭ 1,021) who completed all seven of the NIHTB-CB tests (n ϭ 843) were used to derive the age-andreading referenced fluid tests scores. For demographically adjusted norms, 793 examinees had complete performance data and complete demographic data required for derivation of reading and demographic-only referenced fluid test scores. A subset of cases (n ϭ 158) was selected as a demographically matched comparison sample (see Table 1 for participant details). Identification and testing of examinees was completed through a marketing research firm from locations throughout the United States. Examiners were trained and monitored by NIH Toolbox investigators. Sample weighting procedures were employed to match census data . A subset of subjects, demographically matching the clinical sample, were used as a control group. Traumatic brain injury validation sample. Individuals with a history of TBI were administered the NIHTB-CB as part of a larger study of performance on the NIHTB-CB following TBI (Authors, in press). Participants were recruited in three rehabilitation centers: the Shirley Ryan AbilityLab (previously the Rehabilitation Institute of Chicago), Washington University, and the University of Michigan. Institutional Review Board approval was obtained from each participating site. Inclusion criteria were scores on all seven subtests of the NIHTB-CB, age at least 18 years, admission to a hospital within 24 hr of a TBI, ability to comprehend and speak English at a fifth-grade level, willingness and ability to return for follow-up testing, and at least 1-year post brain injury. Individuals with cognitive impairment due to other conditions such as a psychiatric disorder, Alzheimer's disease, or other dementing illness were excluded.
Only participants with a history of severe, moderate, or complicated mild TBI were included in this study. TBI status was determined independently of performance on neurocognitive tests. TBI severity was classified according to the lowest Glasgow Coma Scale (GCS) score within the first 24 hr after injury (not due to intubation, sedation, or intoxication). A GCS score of Յ8 was classified as severe injury, a score of 9 -12 was classified as moderate injury, and complicated mild TBI was defined as lowest GCS score of 13-15 with neuroimaging positive for brain abnormality consistent with TBI, such as subarachnoid hemorrhaging or cortical contusions. If no GCS score was available, TBI cases were classified based on the detailed description of their injury and confirmed by a clinical neuropsychologist. Data from 158 individuals were included (n ϭ 74 complicated mild/moderate; n ϭ 84 severe). Demographic data for the TBI samples is presented in Table 1 and details about the study were described previously.
Measures
The NIHTB-CB is comprised of seven tests that measure different aspects of crystallized and fluid cognitive abilities. The tests of crystallized cognitive abilities are picture vocabulary and oral reading, and they yield individual scores that may be combined into a Crystallized Cognition Composite Score. These tests correlate strongly with hold tests (Heaton et al., 2014) and are relatively resistant to the effects of TBI (Tulsky et al., in press) . For the reading test, examinees read a series of words presented on a screen (e.g., either a personal computer monitor or iPad) and the examiner scores each response as correct or incorrect. The test is comprised of 265 items; however, items are administered based on This document is copyrighted by the American Psychological Association or one of its allied publishers.
a computer adaptive testing model, and only a small subset of items (i.e., 20 to 30) are required to estimate an examinee's reading ability. Nearly all the words (e.g., 95%) use a standard graphemeto-phoneme translation as it is designed to measure single word decoding skills in children and adults . The reading test demonstrates a high degree of reliability and high correlation with established measures of single word decoding (Mungas et al., 2014 (Hispanic, non-Hispanic) , and education. Demographically adjusted scores reported are on a T score metric, with a mean of 50 and a SD of 10 (Casaletto et al., 2015) . All age-and demographic-only referenced scores are derived using multiple regression (Casaletto et al., 2015) .
Data Analysis Plan
The data analysis employs a mixture of descriptive and hypothesis testing statistical procedures. Comparisons will be drawn between the three groups (i.e., the matched comparison, mild/ moderate TBI, and severe TBI), education stratified into four tiers (i.e., less than 12 years, 12 years, 13-15 years, and 16 or more years), and premorbid ability level as stratified into three groups. The three premorbid ability groups (i.e., low, middle, and high) are derived by using age-or demographic-only referenced reading ability as follows: low (standard scores Ͻ90 or T scores Ͻ44), middle (90 to 109 or 44 to 57), or high (Ͼ109 or Ͼ57) premorbid ability. Table 1 presents percentages of individuals in each premorbid ability range by group. Linear regression models to were used to derive reading referenced scores for each of the fluid measures. Specifically, the reading referenced scores were derived by: computing a predicted score based on the linear equation; subtracting the predicted score from the actual age-only referenced standard score or demographic-only referenced T score; dividing by the difference by the standard error of the estimate; and converting the obtained z-score into a standard score (SS) metric (age-and-reading only referenced; M ϭ 100, SD ϭ 15) or a T score metric (reading-and demographic referenced; M ϭ 50, SD ϭ 10). MANOVA is used to determine if various reference group methods applied to the fluid composite score yield the same or different This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. results when considering premorbid ability level. Subsequently, multivariate base rate methods were applied (Brooks, Holdnack, & Iverson, 2011) to determine if different reference group models identify the same individuals as having cognitive difficulties. We applied a cut-off of less than or equal to one standard deviation below the mean and counted the number of low scores in each sample in total and by premorbid ability level. One standard deviation was selected for this study based on two factors: the Gaussian distribution would indicate a false positive rate of 16% or less for individual tests and the effect size for severe TBI is approximately one standard deviation. For each individual test, the theoretical sensitivity and specificity for the severe TBI sample is approximately .50 and .84, and .31 and .85 (e.g., .5 standard deviation effect), respectively. A more stringent cut-off would yield improved specificity but very low sensitivity. Finally, we present data showing agreement rates among the reference group models. The data analysis was completed using SAS software, Version 9.4 of the SAS System for Windows 7 (W32_7PRO platform).
Results
Education and Reading Level
Education level and age-only referenced reading ability had a significant but low correlation in the derivation sample (r ϭ .36, p Ͻ .0001) and they are not correlated when demographic-only referenced reading scores are used (r ϭ .01, p Ͼ .05). Therefore, many individuals' education and literacy level can yield different estimates of premorbid ability. The range of reading abilities in individuals of similar education level is quite large with some examinees (26.1% of controls) in the low education range scoring above the mean of the highest education group. More specifically, 43.5% of individuals in the comparison sample with less than a high school education score higher than the mean of those having at least some college education. Further, 14.8% of college graduates have reading scores below the mean of those having less than a high school education.
Linear Regression Analysis
Linear regression models were computed for each fluid measure with reading ability as the independent variable in the equation. Table 2 presents the parameter estimates, statistics, and predicted minus actual score descriptive statistics for each age-and demographic-only referenced fluid test. Reading level accounted for 5% to 19% of the variance in the age-only referenced fluid scores and 3% to 13% of the demographic-only referenced scores. The relatively low R 2 values for these equations signal that relatively small score changes will be observed using reading referenced scores, compared with the standard age-only or demographic-only referenced metrics. The largest change is observed on the age-only referenced fluid composite, with most scores falling between Ϯ6.7 points of the original age-only referenced standard scores, but changes as large as Ϫ21 to ϩ23 points may occur (Ͼ1 SD). For demographically adjusted scores, the fluid composite reading referenced scores will typically fall within Ϯ3.6 T score points of the original obtained score. These scores may change as much as Ϫ12 to ϩ11 points (approximately 1 SD). The Pattern Comparison Processing Speed test shows the least difference between reading referenced and age-only and demographiconly referenced scores.
The application of reading referenced scores in the TBI and control sample by premorbid ability level is displayed in Table 3 . MANOVA was used to statistically evaluate the impact of using reading referenced scores for interpreting fluid index scores. The first MANOVA compared performance of the TBI and matched comparison samples, the age based reading premorbid level, and the interaction of these factors on age-only and age-and-reading referenced fluid composite scores. Significant multivariate effects The second MANOVA compared demographic-only and demographic-and-reading referenced fluid composite scores. The independent factors were clinical group, premorbid ability based on demographic-only referenced reading level, and the interaction. Significant multivariate effects of group (⌳ ϭ 0.84), F(4, 610) ϭ 13.60, p Ͻ .0001, and premorbid ability level (⌳ ϭ 0.22), F(4, 610) ϭ 174.82, p Ͻ .0001), were found but the interaction was not significant. At the univariate level, there was a significant effects for group, F(2, 306) ϭ 25.15, p Ͻ .0001, and premorbid ability level, F(2, 306) ϭ 15.33, p Ͻ .0001, on demographic-only referenced fluid composite performance; and only an effect of group, F(2, 306) ϭ 24.52, p Ͻ .0001, for demographic-and-reading referenced fluid composite scores. Post hoc analysis of the group effects indicate that all three groups were significantly different from one another when either reference model was used.
Multivariate Base Rate Analysis
A low score for the purpose of this analysis is defined as scoring at or below 1 standard deviation below the mean (e.g., Յ85 or Յ40 for age or demographic-only referenced scores). Low scores were identified for each of the five fluid tests for each reference group method (e.g., age, age-and-reading, demographic, and demographicand-reading). Because it is common for individuals in the general population to have one or more low scores when a battery of tests is administered and the rate of low scores varies by premorbid ability level, it is necessary to consider the multivariate base rate of low scores to identify cognitive difficulties rather than to evaluate scores in isolation (Brooks et al., 2011) . For each examinee, the number of low scores on the five fluid tests was calculated such that a score of 0 indicates no scores were at or below one standard deviation below the mean and a five indicates that all five scores were at or below one standard deviation below the mean. There is no set rule to identify how many low scores is needed to consider someone as likely having cognitive difficulties; however, the base rate in the comparison sample can serve to identify the point at which the number of low scores is atypical or unexpected. Table 4 presents the cumulative frequency distributions for the number of low scores in each of the groups by premorbid ability level and overall for each group. In the matched comparison sample, 33.5% of individuals have at least one and 21.5% have two or more low age-only referenced scores. For individuals with low premorbid ability, 65.5% of individuals have at least one and 34.5% have two or more low age-only referenced scores. In the TBI sample, 46.0% of complicated mild/moderate and 60.7% of severe TBI individuals have two or more low scores. However, for individuals with severe injuries and high premorbid ability only 29.4% had two or more low scores. If a cut score of three or more low scores is used to identify cognitive difficulties, 7% of the This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
controls, 28.4% of complicated mild/moderate TBI, and 47.6% of the severe TBI samples would be identified as having cognitive difficulties. The percentage of individuals in those groups with low premorbid ability and cognitive difficulties is 13.8%, 60% and 68.2%, respectively. In contrast to the high premorbid ability groups, 2.0%, 28.4%, and 11.8% showing greater than expected low scores. Using age-only referenced scores leads to higher rates of identification of cognitive problems specifically in individuals with low levels of premorbid functioning, suggesting that using this reference group model may lead to systematic bias, finding greater rates of cognitive difficulties in individuals of low premorbid ability versus those with high premorbid ability. Application of age-and-reading adjusted scores results in similar percentages of individuals having two or more low scores in the control (19.6%), complicated mild/moderate (40.5%), and severe (59.5%) when evaluating the group as a whole. When three or more low scores are considered, only 9% of comparison sample have that many low scores and the percentages are relatively consistent across premorbid ability groups (10.3%, 10.3% and 7.8%). In the complicated mild/moderate sample, 25.7% of individuals have greater than expected number of low scores, the rate is consistent among the premorbid ability levels (26.7%, 25.0% and 25.9%). In the severe injury sample, the overall rate of three or more low scores is 41.7%, the rates are consistent for the low and average premorbid groups (40.9% and 46.7%) though the high ability group shows a lower rate (29.4%). Using reading referenced scores does not increase the overall rate of identification of cognitive difficulties, but it identifies slightly different sets of individuals than age-only referenced scores.
When applying demographic-only referenced scores, 20.4% of individuals in the matched comparison group have two or more low scores which is consistent with age-only and age-andreferenced low score rates. Within the comparison sample, 35.7% of the low premorbid ability group have two or more low scores in contrast to 12.7% of the high ability group. In the matched comparison sample, three or more low scores occurs in only 7.6% of cases; however, 21.4% of the low premorbid ability group have three or more low scores. In the TBI groups, 28.4% of the com- Note. Mild TBI refers to complicated mild. Low score defined is at or less than one standard deviation from the mean. Premorbid ability groups based on age or demographic referenced reading scores: low (Ͻ90 or Ͻ44), middle (90 -109 or 44 -57), and high (Ͼ109 or Ͼ57).
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plicated mild/moderate and 45.3% of the severe cases have three or more low scores that might indicate cognitive difficulties. These rates are consistent with other reference group methods. The rate of three or more low scores for demographic-only referenced scores by premorbid level is more consistent than was observed in the comparison sample with rates of 37.5%, 22.2%, and 37.5% for the complicated mild/moderate TBI and 43.5%, 56.1%, and 41.5% for the severe TBI group across premorbid levels. The demographic-only and demographic-and-reading referenced scores yield somewhat different results than the other methods. The overall rate of two low scores is only observed in 15.9% of the comparison group and three low scores is observed in only 3.2% of the comparison group. A cut-off of three scores is more stringent in the false positive rate and also results in fewer individuals with TBI identified with cognitive difficulties, 18.9% and 35.7%, for the complicated mild/moderate TBI and severe TBI groups. For the severe group, the rate of three low scores is mostly consistent across premorbid level (26.1%, 25.0%, and 35.0%); however, in the mild group there was variability by premorbid ability level with only 6.3% of the low group and 37.5% of the high group identified. When two low scores are considered to indicate cognitive difficulties, there is less of a dramatic difference in the rates of identification among the premorbid groups, though in the complicated mild/moderate TBI sample, the high premorbid ability group shows a higher rate of cognitive difficulties compared with all the other groups.
Reference Model Agreement Rates
The final analysis evaluates how many individuals change status from being classified as having cognitive difficulties to not having cognitive difficulties as a function of reference score model. Table  5 presents the percentages of cases identified when the different reference models are used. The table shows rates of agreement when two methods (e.g., age-only and age-and-reading referenced) indicate either no cognitive difficulties or both agree that cognitive difficulties are present. Table 5 also shows the rate of disagreement and the direction of disagreement. For example, in the matched comparison sample, the age-only and age-and-reading referenced models agree 88% on the absence of cognitive problems in the total comparison sample and both indicate about 4% have cognitive difficulties. When the models disagree, the age-only referenced scores identify 2.5% of case not identified by the age-andreading reference group and these are in the low to average ability range. The age-and-reading referenced model identified 5.1% of cases as having cognitive difficulties and those being in the average to high ability range. The rate of uncertainty in comparison sample was 7.6% overall and rates of agreement varied by premorbid ability level: low (96.5%), middle (89.8%), and high (94.4%).
The two models agreed that 64.9% of the complicated mild/ moderate TBI group did not show evidence of cognitive difficulties and 18.9% did. The rate of uncertainty was 16.3% with age-only referenced scores identifying 9.5% and age-and-reading referenced identifying 6.8% of cases not considered to have cognitive difficulties by the other model. The biggest outlier was the high rate of cognitive difficulties identified by the age reference scores in the low premorbid ability group. In the severe TBI sample, the methods agreed 47.6% of cases did not show cognitive difficulties and 36.9% did have cognitive difficulties. The rate of uncertainty between the models was 15.5%, with 10.7% of cases identified only by age reference scores and 4.8% identified only by age-and-reading reference scores. The age-only referenced scores identified 27.3% more of the low premorbid cases as having cognitive difficulties while the age-and-reading referenced model identified 17.7% more high ability cases as having cognitive difficulties. The age-only and age-and-reading referenced models had more uncertainty related to cognitive difficulties in the clinical groups compared to the controls. In particular, examinees of low or high premorbid ability are difficult to classify when a specific cut-off score is used.
The demographic-only and demographic-and-reading models had overall agreement rates of 94.3% of the time for the comparison sample and 90.5% and 85.7% for the complicate mild/moderate TBI and severe TBI samples, respectively. The agreement rate is substantially higher for the complicated mild/moderate group when the demographic-only referenced scores are used. In nearly all cases, the demographic-only referenced scores identified more cases as having cognitive difficulties than did the demographic-and-reading referenced scores, with the exception of individuals of high premorbid ability and severe TBI. The models Note. Mild TBI refers to complicated mild. Less than 3 scores at or less than one standard deviation below the mean is considered expected level. This document is copyrighted by the American Psychological Association or one of its allied publishers.
agreed that 2.5% of controls, 18.9% of complicated mild/moderate TBI, and 33.3% of severe TBI showed signs of cognitive difficulties. Agreement rates were highest for middle (97.5%) and high (96.0%) compared to low premorbid ability in the comparison sample (82.2%). In the complicated mild/moderate TBI sample the agreement rates were 88.5%, 97.2% and 90.5% for the low, middle, and high premorbid groups and 82.6%, 85.4%, and 90% in the severe TBI sample. The demographic-only and demographic-andreading referenced scores show more uncertainly in identifying cognitive difficulties in the TBI samples relative to the comparison group, and in general individuals with low premorbid ability were difficult to classify.
Discussion
The current article presents reading score adjustments to NIHTB-CB fluid tests providing an additional model for identifying cognitive difficulties when using the NIHTB-CB. Because high premorbid ability can mask cognitive difficulties associated with TBI, the estimation of previous level of functioning will improve NIHTB-CB scores and interpretation. The current study developed regression equations to adjust fluid test scores sensitive to brain injury by reading ability, and applied the adjusted scores to a large sample of individuals with complicated mild, moderate, or severe TBI.
Rationale and Caveats for Use
The rationale for using reading-referenced scores rather than or in conjunction with demographic models to estimate premorbid functioning, is that reading provides a more individualized estimate of ability than demographic data. Both methods rely on assumptions that can influence the applicability to the individual being assessed. Using demographic data, one assumes that the individual is similar to or more similar to the subset of individuals used for comparison than the general population. However, while this is true for many people, there are always exceptions to this rule. For example, the assumption that college graduates are more similar in their cognitive abilities relative to the general population is true at the group level but not at the individual level, where some individuals with low cognitive ability have obtained college degrees. The large percentage of individuals have reading scores well outside of the mean of their education reference group. For these individuals, using education referenced scores may not be the best estimate of premorbid ability.
When using reading to estimate premorbid ability, there are several assumptions that must be met. First, reading skill for the individual being assessed must have developed in the generally expected manner (e.g., no developmental or learning disability, no history of poor educational exposure). Second, the examinee's reading skills must not have been diminished as a result of injury, neurological condition, or behavioral/psychiatric condition (Holdnack et al., 2013) . Lastly, reading test scores must not be adversely influenced by performance validity Martin et al. (2016) . If these assumptions are met, then reading level can be considered a reasonable proxy for premorbid cognitive functioning.
In the current study, individuals with severe injuries had significantly lower reading scores compared with the matched comparison sample and complicated mild/moderate TBI groups. Lowered reading scores are not unusual in individuals with severe TBI or other significant neurological conditions (Mathias et al., 2007; Storandt, Stone, & LaBarge, 1995) . In fact, a significant and unusual (e.g., Ͻ15% or Ͻ10% base rate) difference between the expected reading score and the score predicted by demographic variables (e.g., education, occupation, sex, ethnicity, and region) can identify when reading scores may underestimate premorbid ability (Pearson, 2001 (Pearson, , 2009 ). On the NIHTB-CB, a similar approach can be accomplished using demographic adjusted scores. As T scores decrease below 40, the probability of an unexpectedly low reading score increases. In this circumstance, the reading score is not recommended as the best representation of premorbid ability for that individual.
Referencing Fluid Tests by Reading Level
The oral reading test has a low to moderate positive correlation with all of the NIHTB-CB fluid tests for age-and demographically only referenced scores. Reading referenced scores for the fluid composite can differ from the age-only referenced score by as much as Ϫ21 to ϩ23 points. If the predicted score is less than 100, the age-and-reading referenced score will in most cases be higher than the original obtained score, because the examinee's performance is being compared with a lower mean score. If the predicted score is greater than 100, then the reading and age-only referenced scores will be adjusted downward relative to the obtained age-only referenced score. Therefore individuals with low premorbid ability, as indicated by the reading test, will have higher scores and high premorbid ability individuals will have lower scores relative to the obtained score.
The age-and-reading referenced and demographic-and-reading referenced scores were applied to a sample of individuals with complicated mild/moderate and severe TBI and a matched comparison sample. Each method yielded significantly different scores among the three groups, at roughly the same level of significance. At the aggregate group level, the reference method made only a small impact on the overall results. However, the mean scores presented by ability illustrate that within each sample scores can change dramatically, particularly for individuals with high and low premorbid ability. Thus, the reference method does not substantially change sensitivity or specificity at the group level compared to matched controls, but instead changes the examinees' scores relative to their premorbid functioning. Within each group, scores of high versus low premorbid ability groups are quite similar. This result suggests that the impact of TBI is relatively consistent across premorbid ability levels. This indicates that, if the impact of a complicated mild/moderate injury is about a half of a standard deviation and the impact of a severe injury is one standard deviation, a majority of individuals with high premorbid ability will perform near the mean, even for those with severe injuries. Likewise, many individuals with low premorbid ability will score well below the mean and appear to have significant injury-related cognitive difficulties. Using reading adjustments reduces but does not eliminate these observed differences.
Multivariate Base Rates
Multivariate base rate analysis is one method for evaluating the cognitive effects of brain injury, dementia, or a neurological conThis document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. dition on cognitive functioning. The multivariate base rate effect identifies the number of low scores obtained by individuals with no history of brain injury, neurological condition, or degenerative disorder. Most individuals without neurologic injury will have one or more low scores, and individuals with low premorbid functioning may have a substantially greater number of low scores (Brooks et al., 2011; Brooks et al., 2009) . Using a cut-off score of one standard deviation below the mean for each of the NIHTB-CB fluid tests for each reference model, results how that about 20% of the comparison sample have two or more low scores that are one or more standard deviations below the mean. The false positive rate at two scores is higher than the theoretical estimate of 16% when only one score is considered in isolation. Using a cut-off of three or more scores for each method, resulted in specificity rates of 90.5% to 96.8%. Applied to the TBI samples' scores, a cut-off of two scores identified 33.6% to 46.0% of the complicated mild/ moderate and 57.2% to 60.7% of the severe group as having cognitive difficulties. For three or more low scores, the rates were 18.9% to 28.4% for the complicated mild/moderate and 28.6% to 47.6% of the severe TBI sample. There are slight variations across the models, with reading referenced scores having slightly lower false positive rates and lower identification rates. Using a cut-off of two scores, the demographic-and-reading referenced scores yield sensitivity and specificity values expected for effect sizes of half a standard deviation for complicated mild/moderate and a one standard deviation effect size for the severe TBI sample. The models do differ in which individuals are identified as having cognitive difficulties across groups. Using a cut-off of three or more low scores, individuals with low premorbid ability have a 13.8% false positive rate compared with 2% for high premorbid ability. In the TBI samples, 60% of the low premorbid ability versus 18.5% of the high ability group is identified, similarly, 68% versus 12% of low versus high ability cases are identified as having cognitive difficulties. In this scenario, having a complicated mild/moderate injury increases the likelihood of cognitive difficulties compared with a more severe injury comparing the rates for low versus high ability groups. The results are similar when demographic-only referenced scores are applied, though to a lesser extent. The application of age-andreading referenced scores shows more consistency in the false positive rate (i.e., 7.8% to 10.3%), and identification of cognitive difficulties in the TBI samples (i.e., 25.0% to 26.7% in the complicated mild/moderate group and 29.4% to 46.7% in the severe TBI group). The demographic-and-reading referenced scores generally have more consistent false positive rates and sensitivity in the severe TBI group across ability levels; however, in the complicated mild/moderate group individuals of average premorbid ability show higher rates of cognitive difficulties than do individuals with low or high premorbid ability (38% vs. 19%). Application of reading reference scores does not eliminate all differences in identification of cognitive difficulties by ability level, but reduces the effect.
Reference Model Agreement/Disagreement
This study illustrates that the reference model used by the clinician affects which specific individuals are identified as having cognitive difficulties versus those that do not have cognitive difficulties, even if the aggregate group findings are quite similar.
The age-only and age-and-reading reference models agree at a high rate for identifying individuals with and without cognitive difficulties in the comparison sample (92.4%). However, in the TBI samples, the two models diverge quite significantly from one another. In the comparison sample, the primary disagreement between models is in the identification of cognitive difficulties in the individuals in the average premorbid range; while disagreement within the TBI groups is focused on the low premorbid ability group and to a lesser degree on those with high ability level. Using the age-only model increases the rate at which individuals of low premorbid ability are identified with cognitive difficulties and reduces the rate in high ability groups, this finding is reversed when age-and-reading referenced scores are used.
The demographic-only and demographic-and-reading referenced scores have a high rate of agreement regarding cognitive difficulties in the comparison sample. The two models disagree primarily with the rate of cognitive difficulties in individuals of low premorbid ability. Agreement rate in the mild complicated/ moderate TBI sample is higher than observed for the age-only and age-and-reading referenced scores. The use of demographic data did not result in a higher rate of cases being identified with cognitive difficulties, rather, more cases were identified as not having evidence of cognitive problems. The demographic models disagreed primarily with the rate of cognitive difficulties in the low premorbid ability sample. For the severe TBI group, using demographic adjustments did not change model agreement rates relative to age-only versus age-and-reading referenced scores (85.7% vs. 84.5%). The primary difference with the addition of demographic referencing resulted in better agreement in the high premorbid ability individuals and lower agreement for individuals with average premorbid ability. Both models, however, had the lowest agreement rates for individuals of low premorbid ability.
The outcomes of this study suggest that it is consistently more difficult to identify cognitive difficulties among individuals having complicated mild/moderate or severe TBI, than in the comparison group. In particular, disagreement occurs over the classification of individuals with low premorbid ability and to a lesser but still significant degree those with high premorbid ability. Age-only referenced scores reference the individual's performance to a representative population of similar-aged peers, resulting in an indication of functional ability. When age-referenced scores are low, this suggests that functional difficulties may be present. For example, low age-only referenced memory scores indicate that the examinee will show poor memory functioning compared with most individuals of similar age and these low scores might reflect difficulties with the person's daily functioning. Individuals with low premorbid ability have had time to adapt to poor memory skills (either successfully or not) in finding psychosocial environments or accommodations for this cognitive weakness.
In contrast, all the other scores specifically reference the examinees performance to a subset of the population. The scores do not necessarily indicate an individual's functional capacity, except in environments where the examinee must compete against individuals of similar education or premorbid ability. Instead, these scores can reveal when an individual has unexpectedly high or low ability compared with a specific subset of the general population. These scores are used to identify a change in cognitive status, rather than a functional impairment. After an injury, a change in cognition of nearly one standard deviation will likely have implications for This document is copyrighted by the American Psychological Association or one of its allied publishers.
individuals' functioning in environments consistent with their premorbid ability. The distinction is important in very practical terms. For individuals of low premorbid ability, if demographic or reading referenced scores are applied, his or her cognitive scores increase. At face value, this would suggest that brain injury improves the cognitive functioning of individuals with low premorbid ability, which is untenable. Using demographic and/or reading referenced scores might also be misinterpreted as the individual being able to handle more complex environments or have a greater degree of culpability than before the injury. However, it is important to evaluate for an individual the degree that an injury may have impacted his or her functioning or if low test scores are consistent with premorbid ability.
Similarly, for individuals with high premorbid ability, the use of age-only referenced scores might suggest that because the individuals have average or high average cognitive abilities they did not experience any effects of injury. A significant change in cognitive functioning will require individuals to adapt to the complexity of their life prior to the injury. This does not invalidate the age referenced scores which are useful for establishing an individual's level of functioning in the general population. Interpretation of results must consider the reference group model used and the impact of the selected model(s).
Performance Validity
The current study did not specifically evaluate performance validity as part of the research protocol. This is a limitation because noncredible performance can impact scores on reading tests (Martin et al., 2016) . Noncredible performance will have a direct impact on the interpretability of all scoring models including age-and-reading, demographic-and-reading, demographic-only, and age-only referenced scores. However, the impact of noncredible reading referenced scores has the opposite effect on interpretation compared with age-only or demographic-only models. For age-or demographic-only reference models, scores will be lower due to the direct effect on fluid test performance while demographics would remain unaffected. These scores would then be associated with a greater effect of injury versus premorbid level. While for reading-adjusted referenced models, poor reading test performance due to poor effort would result in the conclusion that low scores on other cognitive tests would be less attributable to longstanding developmental weakness, rather than injury. The suppressed reading performance (i.e., due to poor effort) might then be interpreted as low preinjury cognitive ability, and those with low cognitive ability are expected to have low neuropsychological test scores. In the results comparing model agreement data, the reading referenced scores were more sensitive to individuals of high premorbid ability, rather than low premorbid ability. Therefore, suboptimal reading performance will decrease the sensitivity of the test scores to identification of cognitive difficulties. Further, research only supports suppressed reading scores in the most severe injuries; therefore, in more mild cases reading should be intact. For these reasons, we recommend caution for using readingadjusted premorbid estimates whenever a reading test score is below T ϭ 40.
Limitations
The NIHTB-CB standardization sample was used to derive the reading referenced scores. It is important to note that this sample was not stratified by reading ability, and therefore, the cases may not be fully representative of the general population on this variable. The reading referenced scores should not be considered normative data, but rather a specific reference group. Similarly, the sample of individuals with TBI may not be representative of all levels of premorbid ability or premorbid ability by age, education, or ethnicity. The generalizability of the study is limited by unequal representation of subjects with complicated mild, moderate, and severe injuries. In particular, the small number of individuals in the moderate group limits the generalizability of these results. Further, neither the standardization nor the TBI sample was screened for possible suboptimal effort; therefore, it is not known if the outcomes of the group comparison study could have been influenced by underperformance. The impact of suboptimal effort varies by reference model selected, so the overall results of the study results may have been affected by limited knowledge of examinees performance validity. Future studies to replicate these findings in other clinical groups, and using samples where satisfactory performance validity has been confirmed empirically, are recommended.
Examples of Use
A 32-year-old, White woman with 18 years of education is evaluated for cognitive difficulties secondary to a moderate TBI. On assessment, the she obtains a standard age-only referenced fluid composite score of 95 and a demographic-only referenced Fluid Composite T score of 41. Neither of these scores would indicate cognitive difficulties when a cut-off of one SD at or below the mean is applied (e.g., SS Յ85 or T score Յ40). However, if she had an obtained reading score is 128 and 59, for age-only and demographic-only referenced scores, respectively, this may indicate she has experienced an injury-related change in her cognitive functioning. Using the linear regression models for both scores, her age-and-reading referenced standard score for the fluid composite is 81 and her demographic-and-reading referenced T score is 37. Both of these scores support the assertion that she has experienced a decline in her functioning. A single score should not be interpreted as indicating the presence of cognitive difficulties (Brooks, Iverson, Feldman, et al., 2009) , but this example illustrates how identification of cognitive difficulties can vary based on the reference model applied.
A 24-year-old, White man with 12 years of education was evaluated for cognitive difficulties secondary to a mild TBI. On assessment, he obtained a fluid composite age-only referenced standard score and demographic-only T score of 86 and 40, respectively. Both scores are at or near the cut-off of one SD below the mean. His oral reading score was 84 and 41 for age and demographic-only referenced scores, respectively. Based on these reading scores, the age-and-reading and the demographic-andreading for the fluid composite were 92 and 42. Neither of the reading referenced scores were below the clinical interpretive cut-off, indicating that the obtained fluid composite might be consistent with his premorbid ability. This could be interpreted to indicate that he did not experience a significant decline in his cognitive performance. This document is copyrighted by the American Psychological Association or one of its allied publishers.
Conclusion
It is recommended that reading and demographic referenced scores be used in cases where the purpose of administering the NIHTB-CB is to screen for possible cognitive difficulties. In cases where the demographic information about the examinee may be unreliable, the age and reading referenced scores will yield similar results. When the examinee has experienced a severe injury, the reading tests may not be a valid indicator of premorbid functioning. Caution should be used when demographically adjusted reading T scores fall below 40, particularly in individuals with higher levels of education, as this could signal that the reading score has been affected by the injury or possible low effort.
